The results of electrical conductivity studies, structural measurements and thermogravimetric analysis of La 1−x Tb x NbO 4+δ (x = 0.00, 0.05, 0.1, 0.15, 0.2, 0.3) are presented and discussed. The phase transition temperatures, measured by high-temperature x-ray diffraction, were 480 • C, 500 • C, and 530 • C for La 0.9 Tb 0.1 NbO 4+δ , La 0.8 Tb 0.2 NbO 4+δ , and La 0.7 Tb 0.3 NbO 4+δ , respectively. The impedance spectroscopy results suggest mixed conductivity of oxygen ions and electron holes in dry conditions and protons in wet. The water uptake has been analyzed by the means of thermogravimetry revealing a small mass increase in the order of 0.002% upon hydration, which is similar to the one achieved for undoped lanthanum orthoniobate.
Introduction
Proton conducting ceramics have attracted much interest due to their possible applications in energy conversion, as protonic ceramic fuel cells (PCFC), proton ceramic electrolyzer cells (PCEC), hydrogen sensors, and chemical synthesis [1] . Among them, several distinctive groups can be listed: materials based on barium cerate-zirconate solid solutions [2] , rare earth niobates [3, 4] , as well as other materials, e.g., calcium zirconate, rare earth tungstates, and lanthanum ytterbium oxide [5] [6] [7] [8] .
For the last decade, multiple rare earth orthoniobates systems have been investigated, with the interest being put on their electronic [9] [10] [11] along with ionic conduction with oxygen ions [9, 10] and protons [3] as mobile charge carriers. Also, other interesting properties were observed in these materials, e.g., paramagnetism, ferroelectricity, and luminescent emission [1, 12] .
Lanthanum orthoniobate as a proton conductor has been widely investigated since 2006, when Hausgrud and Norby introduced 1 mol% calcium into the lanthanum sublattice as a way of enhancing protonic conductivity [13] . In the following years, multiple dopants have been introduced both into the lanthanum (e.g., by calcium [14] , magnesium [15] , or strontium [16] [17] [18] [19] ) and niobium (e.g., by vanadium [20] [21] [22] , antimony [23] [24] [25] , arsenic [26] , or cobalt [27] ) sublattices. Recently, we also reported the influence of co-doping, using praseodymium as a rare earth dopant and calcium as an acceptor dopant in the lanthanum sublattice, on these system properties [28] . The presence of a mixed 3+/4+ cation in the lanthanum sublattice leads to enhanced electronic conductivity and yielding a mixed proton-electron conductor. From the other point of view, such a substitution can affect not only conductivity but also the structure of the material. For example, as it has been reported for Ce 1−x La x NbO 4+δ , the increase of lanthanum content in the cerium sublattice caused a decrease in the phase transition temperature [29] . Following the cerium and praseodymium substitutions, a natural Figure 1 shows the X-ray diffractograms of the synthesized sample powders. All observed reflections were indexed within the monoclinic LaNbO 4 (ICSD 01-071-1405), therefore the samples may be regarded as single-phase orthoniobates. The Rietveld profile of the pattern and the difference plots for La 0.85 Tb 0.15 NbO 4+δ is presented in Figure 2b . The unit cell parameters of the compounds, refined with the Rietveld method, are listed in Table 1 . Terbium substituting lanthanum (La 3+ ionic radius for CN = 8 is 1.16 Å) can be present in the lattice as Tb 3+ or Tb 4+ . Ionic radii of Tb 3+ or Tb 4+ for CN = 8 are 1.04 Å and 0.88 Å, respectively [31] . The general trend of a decrease of the unit cell volume with increasing terbium content (Figure 2a) can be attributed to the lower ionic radius of terbium. 4 with a decrease of rare earth metal ionic radius, an increase of phase transition temperature was observed [32] . Figure 4 shows Figure 5 . One can see that the weight change during gas switch is of the order of 0.002%. This is much lower than the results reported by Yamazaki et al. for barium zirconate system, who at 300 • C obtained 0.5% [33] . However, this is in accordance with the results achieved for undoped lanthanum niobate [34] . The relatively small water uptake suggests a rather small concentration of the protons within the samples structures. In the view of a small proton concentration in lanthanum orthoniobates, it may be considered strange why the conductivity differences between wet and dry air reach 50-400% at 700 • C ( Table 2 ). The most probable reason for that is relatively high mobility of protons as well as the absence of defect association phenomena. The proton mobility and trapping effects were discussed extensively by Huse et al. showing their importance in the process of conductivity in this system [35] . Figure 6 presents an example of the acquired Nyquist plot for La 0.9 Tb 0.1 NbO 4+δ . The clear curve separation into two semicircles can be seen. The brick layer model was used in the analysis of the impedance data [36] . The highest frequency semicircle is usually attributed to grain interior and the next semicircle is attributed to grain boundary conductivity [37] . Electrode responses, observed in the form of a low-frequency semicircle, as not in the scope of this study, were not analyzed. All impedance spectra were fitted with an equivalent circuit: CPE g R g CPE gb R gb , where R is resistance and CPE is a constant phase element. For each semicircle, capacitances were calculated using the Formula (1).
where Q 0 , the admittance and n, the angle of misalignment were calculated for each CPE. Typical values of capacitance obtained for high-and mid-frequency were 1 × 10 −11 F/cm and 4 × 10 −10 F/cm, respectively. The values are close to the ones typically observed in the literature [38] and confirm the semicircles were correctly attributed to grain, grain boundaries, and electrode processes. The conductivities of grain interior σ g , specific grain boundary σ gb , and total conductivity σ tot were calculated with the use of Equations (2)- (4) .
The S coefficient is a geometrical factor including sample porosity, thickness, and electrode area. Activation energies of total conductivity were calculated by fitting obtained values to the Equation (5), where σ is the conductivity, T is temperature, σ 0 is a pre-exponential factor, E a is the activation energy, and k is the Boltzmann constant. Calculated values of activation energies are presented in Table 2 .
Total conductivities of obtained samples in dry and wet air as a function of reciprocal temperature are presented in Figure 7 . For all of the samples, the conductivity in wet air was higher than in dry air. The conductivity at 700 • C both in dry and wet air in the La 0.9 Tb 0.1 NbO 4+δ and La 0.85 Tb 0.15 NbO 4+δ samples reached 10 −4 S/cm. Maximum conductivity at 700 • C was observed for the samples doped with 15% of terbium, while a further increase of Tb content led to the decline of total conductivity (Figure 8) . The change of slope of the plots observed at temperatures about 500 • C is related to the phase transition between the scheelite and fergusonite structures. Such behavior was observed before in many LaNbO 4−δ -based materials [13, 15, 28, 35] . The influence of the terbium content on the apparent activation energies of total conductivities (Table 2 ) is complex. In the low-temperature range, the values of activation energy in dry air decreases with the increase of Tb content. In the higher temperature range, the apparent activation energies are lower than these below 500 • C, however, no clear tendency of E A dependence on Tb content can be observed. It should be noted that the La 0.8 Tb 0.15 NbO 4+δ sample, with the highest conductivities at 700 • C, shows also the lowest activation energies of conductivity in wet air, both for tetragonal (0.53 ± 0.02 eV) and monoclinic structure (1.16 ± 0.02 eV). Moreover, the strongest influence of humid atmosphere on the conductivity of this sample may be observed. The relative change of conductivity at 700 • C of La 0.8 Tb 0.15 NbO 4+δ reaches 107%, whereas in other doped materials, it is between 50 and 92%. . Under wet conditions, conductivity does not depend on oxygen partial pressure. Similarly, under dry conditions, the conductivity is almost independent for pO 2 below 10 −4 atm, whilst above 10 −3 atm it increases with increasing oxygen partial pressure. In terbium doped samples a stronger change of conductivity is observed, whereas in the LaNbO 4 , change of conductivity is much smaller than in samples containing terbium. The observed slope of the conductivity at high pO 2 is close to 1 4 . Obtained results indicate that in wet conditions, materials are protonic conductors. In dry gases, the results show that at lower p O2 , the materials are oxygen ion conductors, whilst at high pO 2 , the material is a mixed oxygen ion and electron holes conductor. The slope of the dependence observed in Figure 9 is characteristic of the situation where ionic charge carriers have dominating concentration, whereas holes are a minority defect, but due to much higher mobility, contribute to total conductivity. The influence of Tb on the electrical properties of the material should be analyzed in view of two possible terbium oxidation states-terbium can be either isovalent (Tb 3+ ) with lanthanum (La 3+ ) or have higher oxidation state (Tb 4+ ) and serve as a donor. The source of terbium during the synthesis was Tb 4 O 7 , which contains a mixture of Tb 3+ and Tb 4+ . For simplicity in defect chemistry analysis, we will treat that oxide as a mixture of Tb 2 O 3 and TbO 2 . In the case of Tb 2 O 3 , in which terbium is isovalent with lanthanum, the incorporation of Tb follows the reaction (6).
In the case of TbO 2 , the excess positive charge of Tb 4+ can be compensated by the formation of either electron or oxygen interstitials, which is described by reactions (7) and (8).
Another point to analyze is the preferred oxidation state of terbium in the crystal lattice of lanthanum orthoniobate. One can assume that the more preferred oxidation state of terbium is 3+, since the ionic radii difference between Tb 3+ and La 3+ is much smaller (0.12 Å) than that between Tb 4+ and La 3+ (0.28 Å). The structure with Tb 3+ would be much less strained than with Tb 4+ . Therefore, it may be expected that Tb 4+ will be at least partially reduced into Tb 3+ , which is accompanied by the generation of holes:
Further analysis of the possible scenarios must be performed in relation to the knowledge of properties of undoped lanthanum orthoniobate. First of all, the most energetically favourable intrinsic defect in LaNbO 4-δ is an anion Frenkel pair, which is a pair of oxygen vacancy and oxygen interstitial [39] :
This indicates that the formation of interstitial oxygen ions' defects could be energetically preferred in the case of doped lanthanum niobate. Secondly, studies of LaNbO 4−δ [13] showed that in oxidizing conditions at 1200 • C, the material is a mixed electron hole and oxygen ion conductor. The electron holes are a minority defect (concentration-wise), however, due to the higher mobility of holes in the valence band in comparison to the mobility of ionic defects in the lattice, the overall effect is a mixed type of conductivity. The results for lower temperatures are not presented in the study by Haugsrud et al. [13] , however by the studies of similar systems [38] it can be expected that with lowering temperature the contribution from holes diminishes and for temperatures of interest in our study, doped lanthanum orthoniobate should be an oxygen ion conductor in dry conditions. Indeed, our measurement of conductivity of lanthanum orthoniobate as a function of oxygen partial pressure shows that at 700 • C at lower p O2 it is an ion conductor, with increasing hole contribution at higher p O2 . The situation is the same for Tb doped lanthanum orthoniobates. This shows similarity of properties of Tb doped samples to the pure LaNbO 4 .
The effect of Tb substitution given by reactions (7-9) could be twofold. In the first scenario it can be either that the incorporation of Tb 4+ produces electrons (7), and then latter partial reduction to Tb 3+ reduces that effect by either producing holes in the reaction (9) , which can further recombine with electrons. The second scenario would be the creation of oxygen interstitials (8) accompanied by the formation of holes during a partial reduction of Tb to fit into the LaNbO 4−δ lattice (9) . The latter hypothesis of the preferred formation of oxygen interstitials instead of electrons is supported by the results of the measurement of conductivity as a function of oxygen partial pressure in dry conditions. Moreover, a similar compound, CeNbO 4+δ , is an oxygen ion conductor, in which oxygen interstitials dominate [40] . CeNbO 4+δ is a compound similar to LaNbO 4−δ . It is isostructural with LaNbO 4−δ, but cerium occupying the A-site may be present either as Ce 3+ or Ce 4+ . Therefore, CeNbO 4+δ is expected to be somewhat similar to terbium-doped lanthanum orthoniobate because terbium doping also induces a mixed 3+/4+ oxidation state in the A-site.
All considered, an overall effect with dominating reactions (8) and (9) should be that the oxygen ionic conductivity should increase due to the formation of ionic defects and the hole contribution to total conductivity should also increase with an increase of Tb content. Indeed, the conductivity of samples with x < 0.2 increases with increasing Tb content, which means that increasing Tb content leads to the increase of the concentration of mobile charged species. This is observed both in the wet and dry atmospheres, which supports the hypothesis of dominating ionic conductivity. Moreover, conductivity measured as a function of oxygen partial pressure in wet atmospheres shows a typical feature of a proton conductor, i.e., the conductivity does not depend on the pressure. Lower conductivity observed in samples with high Tb content (x ≥ 0.2) (Figure 8 ) can be explained by potential trapping of ionic charged species around the dopants. This is a common feature observed in heavily doped ionic conductors [41] [42] [43] .
The observed increase of the conductivity in wet air compared to dry one may be considered as a typical feature of a high-temperature proton conductor related to the hydration reaction of an oxide. Typically, the hydration reaction is given by the following:
In La 1−x Tb x NbO 4+δ , however, not many vacancies are expected to be present in the system, therefore a possible alternative reaction could be given:
This reaction was previously proposed by Norby and discussed later by Islam for brownmillerite oxides [44, 45] . Moreover, recent calculations showed oxygen ionic conductivity at high temperatures in undoped LaNbO 4 , which may occur via oxygen interstitial positions [46] . Hydration of the doped materials may lead to the formation of both proton defects and interstitial oxygen ions. Thermogravimetric analysis showed that the mass change caused by the water uptake is rather small. The TGA results did not allow us to determine whether this depends on the terbium content. On the other hand, the analysis of the influence of the atmosphere on electrical properties shows that the relative increase of conductivity in wet atmospheres depends on the terbium content, in a similar way as the conductivity values (Table 2, Figure 7) . It reaches the maximum in the La 0.85 Tb 15 NbO 4+δ sample, however, it is much lower than that in the undoped lanthanum orthoniobate-the relative change of conductivity for LaNbO 4−δ is 4 times higher than that for La 0.85 Tb 15 NbO 4+δ . The proposed hypothesis, in which Tb presence increases the concentrations of oxygen interstitials and electron holes, could explain this observation. The hole conductivity occurs as a result of the partial reduction of Tb 4+ in the lattice (reaction (9)), and this should not be affected by the hydration reactions (11) and (12) . Therefore, with increasing terbium content, the hole conductivity also increases and the relative contribution of protons into the total conductivity should decrease. Figure 10 presents the temperature dependence of the two components of the total conductivity, specific grain boundary, and grain interior (bulk) conductivities for La 0.9 Tb 0.1 NbO 4+δ sample, which is representative of the whole system. In the temperature range above 500 • C, the specific grain boundary conductivity is higher by over an order of magnitude than the bulk one. This is not typical behavior of solid electrolytes, however, similar phenomena were observed for LaNbO 4−δ co-doped with 10% praseodymium and 2% calcium [28] . 
Conclusions
Single-phase samples of terbium doped lanthanum orthoniobates were prepared and studied. Unit cell parameters at room temperature of the studied compounds were determined. A decrease of the unit cell volume with increasing terbium content was observed. The results of high-temperature XRD showed that increasing terbium content in the lanthanum sublattice causes an increase of the phase transition temperature. The phase transition temperatures were approximately 480 • C, 500 • C, and 530 • C for La 0.9 Tb 0.1 NbO 4+δ , La 0.8 Tb 0.2 NbO 4+δ , and La 0.7 Tb 0.3 NbO 4+δ , respectively. This behavior, as well as the observed decrease of the unit cell volume with increasing terbium content, was interpreted as related to the lower ionic radius of terbium.
Temperature dependence of electrical conductivity in different atmospheres was investigated and discussed. Both terbium content and the atmosphere influence the total conductivity of La 1−x Tb x NbO 4+δ . The highest conductivity was observed for the La 0.85 Tb 0.15 NbO 4+δ sample both in dry and wet atmospheres. For all samples, the total conductivity in the wet was higher than that in the dry air. On the basis of defect formation analysis supported by the comparison with the La 1−x Ce x NbO 4+δ , the hypothesis explaining the electrical properties of La 1−x Tb x NbO 4+δ was proposed. In particular, it was proposed that Tb presence increases the concentrations of oxygen interstitials and electron holes, whereas the hydration of the doped materials leads to the formation of both proton defects and interstitial oxygen ions, which has been confirmed by pO 2 dependency measurements. This means that Tb increasing content and humid atmosphere lead to an increase of the concentrations of three types of charge carriers. The non-monotonic dependence of the total conductivity on terbium content was interpreted as a result of a possible defect association phenomena for high Tb contents (above 0.15). 
Conflicts of Interest:
The authors declare no conflict of interest.
